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Efficient hematopoietic recovery following trans-
plant requires a bone marrow microenvironment
capable of supporting diverse processes.
Transplanted stem and progenitor cells must home
to the marrow, adhere to endothelial cells, and sub-
sequently migrate to supportive hematopoietic
niches. Bone marrow microvascular endothelial
cells line the luminal surfaces of the marrow
microenvironment in a position to serve as gate-
keepers to the marrow microenvironment. They
have a key role in the regulation of hematopoietic
cell chemotaxis into and out of the marrow space.
This function is regulated by the complex interplay
of cellular adhesion molecules including vascular
endothelial cell adhesion molecule-1 (VCAM-1),
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Abstract
Chemotherapy alteration of the bone marrow microenvironment has the potential to influence hematopoietic recovery
following transplantation. To discern the effect of specific drugs on components of the complex marrow microenvi-
ronment, in vitro models have significant utility. In the current study we sought to determine whether dermal (HMEC-
1) and marrow derived endothelial cells (BMEC-1) respond differently to identical chemotherapy exposure. BMEC-1
cells were consistently more sensitive to etoposide exposure than HMEC-1 cells, measured as reduced viability.
BMEC-1 also had reduced focal adhesion kinase (FAK) and VCAM-1 protein expression following chemotherapy, in
contrast to dermal derived endothelial cells in which neither protein was influenced dramatically by etoposide. The
two endothelial cell lines had markedly different levels of baseline VE-Cadherin protein, which was modestly altered
by treatment. These data indicate that marrow derived endothelial cells have disruption of specific proteins following
chemotherapy that may influence their ability to facilitate hematopoietic cell entry or egress from the marrow. In addi-
tion, these observations suggest that while BMEC-1 and HMEC-1 share a variety of characteristics, they differ signif-
icantly in their response to stress and should be incorporated into specific models with this consideration.
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Introduction
endothelial cell associated selectin (E-Selectin),
vascular endothelial cell cadherin (VE-Cadherin),
and many others. 
Interactions between hematopoietic cells within
the marrow space and endothelial cells have also
been implicated in the control of hematopoietic dif-
ferentiation and management of the hematopoietic
progenitor compartment. Iatrogenic damage
incurred by this intricate system, in the setting of
dose intense chemotherapy or bone marrow trans-
plant conditioning regimens, could potentially lead
to dysregulated chemotaxis as well as hemato-
poiesis. In previous reports, radiation and chemo-
therapy induced damage of endothelial cells in the
lungs and liver has been implicated in the patho-
physiology of transplant complications [1-7]. 
Human umbilical vein endothelial cells
(HUVEC) have served as the major model for inves-
tigating endothelial pathophysiology. These cells are
relatively easy to derive and maintain for finite peri-
ods of time and as such, have broad utility.
However, there is evidence to suggest that HUVEC
may not be the most representative model to inves-
tigate all aspects of endothelial cell function. 
Marrow derived endothelial cells have been
shown to better support adhesion and migration of
hematopoietic cells than HUVEC or lung endothe-
lial cells [8,9]. Sulfation patterns of proteoglycans,
important in the presentation of chemokines such as
stromal cell derived factor-1 (SDF-1), have also
been found to differ between the two cell sources
[10,11]. HUVEC express high levels of Fas ligand
(CD95) which is not expressed by endothelial cells
from adult tissue sources [12]. Fas ligand induces
activation of several proinflammatory cytokines
which could influence cell adhesion, chemotaxis,
and response to stress as well as inducing apoptosis
in susceptible cells [13]. 
HUVEC also express higher levels of Steel fac-
tor and its receptor, Kit, compared to primary adult
aorta cells either constitutively or following stimu-
lation [14]. HUVEC expression of intracellular
adhesion molecule-1 (ICAM-1) and endothelial
linked adhesion molecule-1 (ELAM-1/E-Selectin)
were found to be reduced in comparison to adult
aortic endothelial cells in this study as well. Tan and
colleagues compared human saphenous vein
endothelial cells (HSVEC) with HUVEC and found
that HSVEC could upregulate CD80 via CD40 lig-
ation while HUVEC could not, that HSVEC do not
express CD54, and that HUVEC were more respon-
sive to stimulation by incitatory cytokines [15].
Together, these observations emphasize differences
between endothelial cells of varied origins. 
Much work has focused on irradiation induced
endothelial cell damage. Many investigators have
shown that irradiation results in alterations to
endothelial cells including increased expression of
adhesion molecules [16], cytokine production [17],
von Willebrand factor [17], and increased apoptosis
[18]. Gaugler, et al. have shown that irradiation of
a human bone marrow endothelial cell line resulted
in increased transmigration of CD-34+ cells [19]
with increased permeability accompanied by
increased ICAM-1, PECAM-1, and numerous
myeloid differentiating cytokines. Investigations
into the effects of chemotherapy agents on endothe-
lial cells have centered on complications of veno-
occlusive disease [1-3], and pulmonary fibrosis
[5,20] with less focus on marrow endothelial cells.
In this study we compared alterations in sur-
vival, adhesion molecule expression, and chemo-
taxis across two endothelial cell lines following
etoposide (VP-16) exposure. The human bone mar-
row endothelial cell line-1 (BMEC-1), derived from
human bone marrow, and the human microvascular
endothelial cell line-1 (HMEC-1) derived from
human foreskins differ in adhesion molecule
expression, survival, and ability to regulate chemo-
taxis following treatment. In addition, alterations in
focal adhesion kinase (FAK) and VE-Cadherin pro-
tein in response to Etoposide (VP-16) were shown
to be unique to the cell line evaluated. Collectively,
these data suggest functional distinctions between
the two cells lines that warrant careful considera-
tion when designing models to study bone marrow
alterations associated with chemotherapy exposure. 
Materials and methods
Cell lines
Growth factor independent transformed microvascular
endothelial cell lines were obtained from the CDC. The
dermal derived microvascular endothelial cell line,
HMEC-1, was initially derived by Dr. Thomas Lawley of
Emory University and Dr. Edwin Ades and Mr.
Francisco J Candal of the CDC [21,22]. The marrow
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derived microvascular endothelial cell line, BMEC-1,
was also a kind gift of Mr. Candal and Dr. Rafii [23].
Both cell lines were maintained and grown as previous-
ly described [21-23].
JM-1 cells were used to evaluate chemotaxis across
endothelial cell layers established on transwell mem-
branes. These factor independent cells were purchased
from the ATCC (ATCC#CRL-10423) and were grown
according to the recommendation of the depositor. They
have a pre-B cell acute lymphocytic leukemia (pre-B
ALL) phenotype, and are CXCR-4 and very late antigen-
4 (VLA-4) positive. 
Chemotherapeutic drugs
VP-16 was stored at -20°C at 20 mg/ml and was diluted
in the appropriate media immediately prior to use at con-
centrations of 50, 75, and 100 µM. These chemothera-
peutic drug doses were chosen to approximate doses
described in clinical settings of transplantation and high-
dose chemotherapy regimens [24].
Evaluation of endothelial cell viability
Confluent layers of BMEC-1 and HMEC-1 were pre-stim-
ulated with 10 ng/ml tumor necrosis factor-α (TNF-α) for
24 hours and then exposed to VP-16 at concentrations of
50, 75, and 100 µM. After an additional 24 hours, cells
were collected with Trypsin/ EDTA and analyzed by try-
pan-blue exclusion counting. The ratio of unstained cells
compared to the total number of cells per culture condition
was calculated as the percent survival. Adherent and non-
adherent cells for each condition were analyzed. Each
treatment group was evaluated in triplicate.
Assessment of apoptosis and flow cytometry
To evaluate apoptosis of endothelial cells following
chemotherapy exposure, cells were stained with fluores-
cein isothiocyanate (FITC)-conjugated annexin-V using
the TACS apoptosis detection kit (R & D systems,
Minneapolis, MN). Adherent cells, as well as any cells
that detached during treatment, were collected for evalu-
ation. Following annexin staining, samples were evaluat-
ed by flow cytometry and data analyzed using CellQuest
(Becton Dickinson, San Jose, CA). 
FACS Analysis of endothelial cell adhesion
molecule expression
Endothelial cell layers grown to confluency in tissue
culture plates were pre-stimulated with TNF-α
10ng/ml 24 hours prior to exposure to VP-16 100 µM
for 24 and 48 hrs. Cells receiving pre-stimulation only
and unstimulated cells served as controls. Endothelial
cells were then detached with Trypsin/EDTA and
washed in cold phosphate buffered saline (PBS). Cells
were then incubated for 30 minutes with 100ng/sample
of the following antibodies: mouse-anti-human VCAM-1
(CD106, Pharmingen, San Diego, CA), mouse- anti-
human-PECAM (CD-31), mouse-anti-human ICAM-1
(CD-54), mouse- anti-human-E-Selectin (CD-62E), P-
selectin (CD-62P) or L-Selectin, (CD-62L, R&D,
Minneapolis MN ), diluted in PBS/3%BSA. Samples
were subsequently washed with PBS/3%BSA/0.2%
Tween 20 before incubating with 100ng/sample goat-
anti-mouse IgG – RPE (Southern Biotechnology
Associates, Birmingham, Ala) for 30 minutes. After
additional washes with PBS/3% BSA/0.2% Tween 20,
cells were fixed in 1% paraformaldehyde, collected on a
FACScan (Becton Dickinson, San Diego, CA), and ana-
lyzed by CellQuest software (Becton Dickinson, San
Diego, CA). Matched isotype control samples were
stained in all experiments to evaluate nonspecific back-
ground fluorescence.
Chemotaxis Assays
HMEC-1 and BMEC-1 were grown to confluency in
100 mm dishes then transferred to Transwell inserts (5
µm pore size, Costar, Wiesbaden, Germany). The
endothelial layers were pre-stimulated with TNF-α in
the lower as well as upper chambers of the transwell for
24 hours to insure treatment of both sides of the
endothelial layers. The membranes were then washed
and moved to new chambers where they were exposed
to 100 µM VP-16 for 24 hrs. Identically treated mem-
branes were stained with Accustain (Wright stain, mod-
ified, Sigma, St. Louis, MO) to visually confirm main-
tenance of the endothelial layers on the transwell filter.
After an additional gentle PBS rinse, the transwells were
placed in chambers containing 350 µl media with or
without 100 ng/ml SDF-1 in the lower chamber, and
150,000 JM-1 cells in 150 µl media in the upper cham-
ber. After 4 hours, the media in the lower chamber was
collected and the number of JM-1 cells that migrated
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was enumerated. Unstimulated endothelial cell layers
and stimulated, untreated cell layers served as controls.
In addition, chemotaxis of JM-1 cells across transwells
without endothelial cell layers was evaluated, with or
without SDF-1 in the lower chamber, to measure spon-
taneous migration as well as chemotaxis toward SDF-1
without any barrier. All treatment groups were evaluat-
ed in triplicate.
Western Blot Analysis of FAK and VE-
Cadherin
Confluent layers of endothelial cells were prestimulated
with TNF-α for 24 hours then treated with 100 µM VP-
16. Unstimulated cell layers and TNF-α prestimulated
cells that were not exposed to chemotherapy served as
controls. BMEC-1 or HMEC-1 cell pellets were lysed in
CCLB buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl,
1% TritonX-100, 0.25% Na-deoxycholate, 0.5% SDS, 1
mM EDTA, 1 mM NaF, 1mM DTT, 1 mM PMSF, 1 mM
activated Na3VO4, aprotinin, leupeptin, pepstatin) on
ice for 15 minutes. Following centrifugation at 14,000
rpm for 15 minutes, supernatants were harvested and
stored at -20 °C until use. Protein concentrations were
determined using the BCA protein assay (Pierce,
Rockford, IL). Protein samples were resolved on SDS-
PAGE gels and electrotransferred to nitrocellulose
membranes. Membranes were blocked in TBS/5% non-
fat dry milk/0.05% Tween-20 at room temperature for 1
hour and probed with antibodies specific for human VE-
Cadherin (Santa Cruz Biotechnology, Santa Cruz, CA) ,
or human FAK (BD Pharmingen, San Diego, CA).
Isotype matched control antibodies were used to evalu-
ate nonspecific binding. Following washes in TBS/0.1%
Tween-20/3% milk, membranes were incubated with
horseradish peroxidase labeled goat-anti-mouse IgG,
and signal detected with Luminol. Signal for each pro-
tein of interest was normalized to GAPDH probed on
the same blot.
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Fig. 1 VCAM-1 alterations following VP-16 exposure differ between BMEC-1 and HMEC-1. BMEC-1
VCAM-1 expression was decreased following VP-16 exposure while HMEC-1 VCAM-1 expression was unchanged.
BMEC-1 expressed E-Selectin following TNF-α exposure, while HMEC-1 did not.
Results
VCAM-1 alterations following VP-16
exposure differ between BMEC-1 and
HMEC-1
To investigate changes in adhesion molecule
expression by BMEC-1 and HMEC-1 following
VP-16 exposure, cell layers were treated with VP-
16 and analyzed by FACS as described in the
materials and methods. Both cell lines expressed
VCAM-1 following TNF-α stimulation as had
been reported in the initial descriptions of these
cell lines [22,23]. Alterations in VCAM-1 surface
expression were detected following treatment
with 100 µM VP-16 in BMEC-1 only (Fig. 1).
VCAM-1 expression on HMEC-1 cells was not
diminished under identical conditions (Fig. 1)
As previously reported [21,23], both endothe-
lial cell lines constitutively expressed PECAM
and ICAM (data not shown). P-Selectin and L-
Selectin were not detected by FACS analysis
(data not shown). BMEC-1 cells expressed E-
Selectin following TNF-α exposure, while
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Fig. 2 BMEC-1 viability is reduced following exposure to VP-16. (a) Trypan blue exclusion of BMEC-1 (grey tri-
angle) and HMEC-1 (black circle) following exposure to VP-16 at 50, 75, and 100 µM. (b) Annexin-V-FITC stain-
ing of BMEC-1 following exposure to VP-16.
HMEC-1 did not demonstrate TNF-α induced
expression of this protein (Fig. 1). Surface
expression of PECAM, ICAM, or E-Selectin, did
not change in response to VP-16 treatment (data
not shown).
BMEC-1 viability is reduced by VP-16
exposure more than HMEC-1
BMEC-1 were more sensitive to equal doses of
VP-16 when compared to HMEC-1 by trypan blue
staining (Fig. 2, A). Following exposure to 100 µM
VP-16, the highest dose evaluated, mean survival
of BMEC-1 cells was 65% (standard error (SE)
6.3%) as compared to mean HMEC-1 viability
which remained at 78% (SE 1.7%). This difference
was also observed following exposure to 75 µM
VP-16 with a mean survival of BMEC-1 cells of
65% (SE 2.9%) and mean survival of HMEC-1
cells of 82% (SE 3.5%). Annexin-V-FITC staining
of VP-16 treated BMEC-1 cells indicated that
VP-16 induced cell death was apoptotic in nature,
and did not differ significantly across the dosages
tested (Fig. 2, B).
Hematopoietic cell chemotaxis is increased
by VP-16 treatment of endothelial cell
layers
To elucidate potential alterations in endothelial cell
function following exposure to VP-16, chemotaxis
assays were completed as described in the materials
and methods section. Both marrow and dermal
derived cell layers diminished chemotaxis across
transwell membrane when compared to control
wells without endothelial cell layers (Fig. 3).
Exposure of endothelial cell layers to VP-16 result-
ed in increased spontaneous JM-1 cell migration
across the endothelial layers, as well as JM-1
chemotaxis toward recombinant SDF-1 in the bot-
tom chamber. Migration of JM-1 cells across VP-16
treated BMEC-1 was increased to a greater extent
than across HMEC-1 treated identically.
Alterations in FAK and VE-Cadherin
To further investigate potential mechanisms for the
alterations in chemotaxis patterns across BMEC-1
and HMEC-1 described above, Western blot analy-
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Fig. 3 JM-1 cell migration is
increased following VP-16 treat-
ment. The control group represents
JM-1 migration across transwell
membranes toward media alone
(vertical bars) or 100 g/ml SDF-
1(black bar). BMEC-1 or HMEC-1
represent JM-1 migration across the
specific endothelial cell type indi-
cated. Pretreatment of endothelial
cells with VP-16 and chemotactic
stimulus in the bottom well is indi-
cated in the figure key.
sis of FAK and VE-Cadherin were completed.
Expression of either protein was normalized to
GAPDH probed on the same membrane to control
for lane loading error. VE-Cadherin protein was
detected in both cell lines at baseline; however,
BMEC-1 had higher baseline levels of VE-
Cadherin than HMEC-1 (densitometry readings
normalized to GAPDH of 4.8 and 0.4 respectively).
Densitometric analysis indicated only modest
changes in VE-Cadherin following exposure of
TNF-α prestimulated cell lines to VP-16 (Fig. 4).
FAK was present at baseline in relatively equal
amounts in both cell lines. Densitometric analysis
indicated a reduction in TNF-α prestimulated
BMEC-1 FAK levels following VP-16 exposure
(densitometry readings normalized to GAPDH and
control of 1.3 reduced to 1.1), while no change was
detected in FAK levels of VP-16 treated HMEC-1
(Fig. 4).
Discussion
The success of bone marrow transplantation
depends, in part, on the ability of transplanted
hematopoietic progenitors to migrate into the host’s
marrow cavities and establish interactions with sup-
porting cells of the microenvironment. Endothelial
cells play a critical role in hematopoietic reconstitu-
tion by serving as the barrier between the blood
spaces and marrow microenvironment. Transplan-
ted stem or progenitor cells must efficiently interact
with bone marrow endothelial cells prior to further
migration into marrow niches that support
hematopoietic survival and further development.
Chemotherapy damage of these microvascular
endothelial cells may disrupt the efficiency of this
early, and essential, step in recovery. 
In the current study we show that survival of
BMEC-1 was decreased to a greater extent follow-
ing VP-16 exposure than HMEC-1 (Fig. 2, A).
Annexin-V-FITC staining of HMEC-1 indicated
initiation of apoptosis in response to VP-16 expo-
sure (Fig. 2, B). Differences in cell line sensitivity
to stressors, such as exposure to chemotherapeutic
agents, could potentially bias interpretation of
results if not carefully considered. Comparison of
several different endothelial cell lines, derived from
different anatomic locations, may enable investiga-
tors to understand the mechanisms behind these dif-
ferences and how they may influence pathophysiol-
ogy in their specific original anatomic locations.
Alterations in VCAM-1 expression following
VP-16 exposure were also found in this study (Fig.
1). VLA-4 binding to VCAM-1 is required for pro-
344
Fig. 4 Alterations in VE-cadherin and FAK following VP-16 exposure. Western analysis for VE-cadherin or FAK
was carried out on BMEC-1 or HMEC-1 following prestimulation with TNF-α as indicated below the columns.
Unstimulated cells were used as controls.
genitor cell attachment to endothelial cells and sub-
sequent binding to stromal cells within the marrow
parenchyma [24-27]. Unlike other ligand interac-
tions, VLA-4 activation is required for functional
binding to VCAM-1. This has been shown for
VLA-4 interaction with VCAM-1 on endothelial
cells, an essential initiating event in hematopoietic
cell immigration into marrow spaces. Antibodies
directed against VCAM-1 or VLA-4 have been pre-
viously shown to inhibit stem cell homing [28-30].
Treatment of human umbilical cord endothelial
cells with etoposide has been shown to down-regu-
late VCAM-1 expression [28], indicating that mod-
ulation of adhesion molecule expression is one
means by which chemotherapy may alter endothe-
lial cell characteristics. Consistent with these
reports, both BMEC-1 and HMEC-1 were found to
have decreased expression of VCAM-1 following
exposure to VP-16. VCAM-1 binding to activated
VLA-4 also facilitates the majority of selectin-inde-
pendent interactions at this site [29]. Consistent
with the proposed importance of the role for
VCAM-1 in stem cell homing, engraftment of
SCID mice following transplantation of hematopoi-
etic progenitor cells has been shown to be depen-
dent on expression of VLA-4 and VLA-5 [33-35].
As such, these molecules are logical targets of
investigation in attempts to better understand mech-
anisms that underlie disrupted hematopoiesis fol-
lowing aggressive chemotherapy treatment.
Differential sensitivity and VCAM-1 expression
responses exhibited by endothelial cell lines should
be considered.
Initial interactions between transplanted hema-
topoietic cells and the microvascular endothelium
involve engagement of selectins. Both E- and P-
selectin are expressed constitutively on marrow
endothelial cells. E-selectin has been shown to play
a major role in initial binding of hematopoietic pro-
genitor cells to marrow endothelium in an in vitro
human bone marrow endothelial cell line model
using the transformed line HBMEC [30].
Attachment of normal mobilized peripheral blood
progenitors was blocked by anti-E-selectin anti-
body in this model. CD34+ cells also express lig-
ands for P-selectin. In a NOD/SCID mouse model,
mice lacking both P- and E-selectin expression
were found to have a 90 percent reduction in hom-
ing of transplanted human CD34+ cells by intravi-
tal microscopy [31]. E-Selectin expressed on bone
marrow endothelial cells has also been shown to
play a potential role in the regulation of
hematopoiesis through inhibition of proliferation of
CD-34+ cells and induction of apoptosis in a subset
of hematopoietic cells [32]. 
In the present study, and consistent with previ-
ous reports, BMEC-1 were found to express E-
selectin following TNF-α stimulation by FACS
analysis, while HMEC-1 did not express E-selectin
(Fig. 1). BMEC-1 E-selectin expression was not
altered following exposure to VP-16. This differ-
ence may contribute to the increased migration of
JM-1 cells across BMEC-1 compared to HMEC-1
observed in this study. It also highlights the poten-
tial utility of using these two cell lines to further
expand our understanding of the roles of E-selectin
in hematopoiesis.
To further investigate potential factors that may
contribute to the differences observed between
BMEC-1 and HMEC-1 as regulators of JM-1 cell
chemotaxis, western analysis of VE-Cadherin and
FAK was completed (Fig. 4). VE-Cadherin is a
transmembrane protein that is crucial to cell-cell
adhesion between endothelial cells. Earlier reports
indicate that antibody blocking of VE-Cadherin led
to increased neutrophil extravasation in a mouse
peritonitis model suggesting a role for this protein
in regulating permeability of vascular endothelial
cell layers [33]. In the current study, the VE-
Cadherin level was modestly decreased in BMEC-1
following VP-16 exposure (Fig. 4), coincident with
increased JM-1 cell chemotaxis toward SDF-1, as
well as random migration across BMEC-1 cell lay-
ers (Fig. 3). Chemotaxis of JM-1 cells across VP-16
treated HMEC-1 was also increased compared to
untreated control HMEC-1 layers but not to the
same degree as that observed with BMEC-1. These
observations suggest that altered VE-Cadherin may
be one factor that contributes to increased perme-
ability of bone marrow derived endothelial cells
following VP-16 exposure. Theoretically, chemo-
therapy induced alterations of endothelial cell junc-
tion integrity may influence both the “ease” with
which transplanted progenitor cells enter the mar-
row spaces, and may also affect the efficiency with
which specific chemotherapeutic agents mobilize
hematopoietic stem and progenitor cells. 
Recent work has linked VCAM-1 engagement
with decreased expression of VE-Cadherin on the
surface of a human marrow derived endothelial cell
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line independent of the cell line used in this report
[34]. This process was found to be mediated by pro-
duction of reactive oxygen species and led to
accompanying reorganization of the cytoskeleton,
widening of endothelial cell-cell gaps, and
increased migration of CXCR4+ cells across
endothelial layers towards an SDF-1 gradient.
However, in the current study, BMEC-1 demon-
strated a greater decrease in VCAM-1 expression
following exposure to VP-16, while also demon-
strating a greater promotion of chemotaxis. This
suggests either a decreased role of VLA-4: VCAM-
1 engagement in promoting intracellular gaps or
alternative means of activation of this pathway in
our model. 
Focal adhesion kinase (FAK) is a major tyrosine
kinase involved in signaling pathways downstream
of focal adhesions [35]. Focal adhesions consist of
integrins and the associated intracellular proteins
linking them to the cytoskeleton. Interactions with
cytoskeletal proteins in turn lead to changes in cell
shape, mobility, and permeability of cell layers.
Activation of FAK along with related adhesion
focal tyrosine kinase (RAFTK/Pyk2) by vascular
endothelial cell growth factor (VEGF) has been
shown to result in accelerated construction of focal
adhesions in neural microvascular endothelial cells
[36,37]. Blocking of this pathway led to loss of
focal adhesions, decreased spreading of the
endothelial cells, and decreased endothelial cell
migration [36,37]. In this study we report that expo-
sure to VP-16 lead to modestly decreased levels of
FAK in BMEC-1 alone. This difference may influ-
ence increased permeability of BMEC-1 layers,
measured as increased JM-1 spontaneous migration
or SDF-1 driven chemotaxis, compared to HMEC-
1 layers following exposure to VP-16.
Taken together, differences between HMEC-1
and BMEC-1 following VP-16 exposure evaluated
as viability, regulation of JM-1 cell chemotaxis, and
VCAM-1, VE-Cadherin, and FAK protein expres-
sion demonstrate the need to consider the source of
endothelial cells used in establishing in vitro mod-
els of the bone marrow microenvironment.
Investigation of the mechanisms underlying the dif-
ferences observed in this study may increase our
understanding of the regulation of chemotaxis in
the specific context of the bone marrow. Ultimately,
a better understanding of chemotherapy induced
changes in marrow endothelial cells may lead to
improvements in bone marrow transplantation pro-
cedures including optimized conditioning regi-
mens, supportive care to prevent endothelial cell
related complications, and improvements in
engraftment and patient outcomes.
Acknowledgements
This work was supported in part by NIH R01-HL56888
(LFG).
References
1. Deleve L.D., Wang X., Tsai J., Kanel G., Strasberg S.,
Tokes Z.A., Sinusoidal obstruction syndrome (veno-
occlusive disease) in the ratae is prevented by matrix met-
alloproteinase inhibition, Gastroenterology, 125:882-890,
2003
2. Dressel D., Ritter C. A., Sperker B., Grube M., Maier
T., Klinebiel T, Siegmund W., Beck J. F., Kroemer H.
K., Busulfan induces activin A expression in vitro and in
vivo: a possible link to venous occlusive disease, Clin.
Pharmacol. Ther., 74:264-274, 2003
3. Coppell J.A., Brown S.A., Perry D.J., Veno-occlusive
disease: cytokines, genetics, and haemostasis, Blood Rev.,
17:63-70, 2003
4. Pastorino F., Brignole C., Marimpietri D., Cilli M.,
Gambini C., Ribatti D., Longhi R., Allen T.M., Corti
A., Ponzoni M., Vascular damage and anti-antgiogenic
effects of tumor vessel-targeted liposomal chemotherapy,
Cancer Res., 63:7400-7409, 2003
5. Epperly M.W., Sikora C.A., DeFilippi S.J., Gretton J.
E., Bar-Sagi D., Archer H., Carlos T., Guo H.,
Greenberger J.S., Pulmonary irradiation-induced expres-
sion of VCAM-1 and ICAM-1 is decreased by mangane-
ses superoxide Kismutase-plasmid/liposome (MnSOD-
PL) gene therapy, Biol. Bone Marrow Transpl., 8:175-187,
2002
6. Matute-Bello G., McDonanld G.D., Hinds M.S., Schoch
H.G., Crawford S.W., Association of pulmonary function
testing abnormalities and severe veno-occlusive disease of
the liver after marrow transplantation, Bone Marrow
Transpl., 21:1125-1130, 2004
7. Falanga A., Vignoli A., Marchetti M., Barbui T.,
Defribrotide reduces procoagulant activity and increases
fibrinolytic properties of endothelial cells, Leukemia, 17:
1636-42, 2003
8. Rood P.M.L., Gerrisen W.R., Kramer D., Ranzijn C.,
Kr von dem Borne A.E.G., van der Schoot C.E.,
Adhesion of hematopoietic progenitor cells to human bone
marrow or umbilical vein derived endothelial cell lines: a
compomparison, Exp. Hematol., 27:1306-1314, 1999
346
9. Otto M., Bittinger F., Kriegsmann J., Kirkpatrick C.J.,
Differential adhesion of polymorphous neutrphilic granu-
locytes to macro- and microvascular endothelial cells
under flow conditions, Pathobiology, 69:159-171, 2001
10. Netelenbos T., Drager A.M., van het Hof B., Kessler
F.L., Delouis C., Huijgens P.C., Van Den Born J., van
Dijk W., Differences in sulfation patterns of heparan sul-
fate derived from human bone marrow and umbilical vein
endothelial cells, Exp. Hematol., 29:884-893, 2001
11. Netelenbos T., Van Den Born J., Kessler F.L., Zweegman
S., Merle P.A., van Oostveen J.W., Zwaginga J.J.,
Huijgens P.C., Drager A.M., Proteoglycans on bone mar-
row endothelial cells bind and present SDF-1 toward
hematopoietic progenitor cells, Leukemia, 17:175-184,
2003
12. Guller S., LaChapelle L., The role of placental Fas ligand
in maintaining immune privilege at maternal-fetal inter-
faces, Sem. Reprod. Endocrinol., 17:38-44, 1997
13. Park D.R., Thomswn A.R., Frevert C. W., Pham U.,
Skerrett S.J., Kiener P.A., Liles W.C., Fas (CD95)
induces proinflammatory cytokine responses by human
monocytes and monocyte-derived macrophages, J.
Immunol., 170:6209-6219, 2003
14. Buzby J.S., Knoppel E.M., Cairo M.S., Coordinated reg-
ulation of Steel factor, its receptor Kit, and cytoadhesion
molecule (ICAM-1 and ELAM-1) mRNA expression in
human vascular endothelial cells of differing origins, Exp.
Hematol., 22:122-129, 1994
15. Tan P.H., Chan C., Xue S.A., Dong R., Ananthesayanan
B., Manunta M., Kerouedan C., Cheshire NW., Wolfe
J.H., Haskard D.O., Taylor K.M., George A.J.T.,
Phenotypic and functional differences between human
saphenous vein (HSVEC) and umbilical vein (HUVEC)
endothelial cells, Atherosclerosis, 173:171-183, 2004
16. Gaugler M.-H., Squiban C., Claraz M., Schweitzer K.,
Weksler B., Gourmelon P., Van Der Meeren A.,
Characteriztion of the response of human bone marrow
endothelial cells to in vitro irradiation, Br. J. Haematol.,
103:980-989, 1998
17. Witte L., Fuks Z., Haimovitz-Friedman A., Vlodavsky
I., Goodman S., Eldor A., Effects of irradiation on the
release of growth factors from cultured bovine, porcine,
and human endothelial cells, Cancer Res., 49:5066-5072,
1989
18. Eissner G., Kohlhuber F., Grell F., Ueffing M.,
Scheurich P., Hieke A., Multhoff G., Bornkamm G.W.,
Holler E., Critical involvement of transmemebrane
tunumor necrosis factor-α in endothelial programmed cell
death mediated by ionizing radiation and bacterial endo-
toxin, Blood, 86:4193- 1995
19. Gaugler M.H., Squiban C., Mouthon M.A., Gourmelon
P., Van Der Meeren A., Irradiation enhances the support
of haemopoietic cell transmigration, proliferation, and dif-
ferentiation by endothelial cells, Br. J. Haematol.,
113:940-950, 2001
20. Epperly M.W., Guo H., Shields D., Zhang X.,
Greenberger J.S., Correlation of ionizing irradiation-
induced late pulmonary fibrosis with long-term bone mar-
row culture fibroblast progenitor cell biology in mice
homozygous deletion recombinant negative for endothe-
lial cell adhesion molecules, In Vivo, 18:1-14, 2004
21. Ades E.W., Candal F.J., Swerlick R.A., George V.G.,
Summers S., Bosse D.C., Lawley T.J., HMEC-1
Establishment of an Immortalized Human Microvascular
Endothelial Cell Line, J. Invest. Dermatol., 99:683-690,
1992
22. Xu Y., Swerlick R.A., Sepp N., Bosse D.C., Ades E.W.,
Lawley T.J., Characterization of expression and modula-
tion of cell adhesion molecules on an immortalized human
dermal microvascular endothelial cell line (HMEC-1), J.
Invest. Dermatol., 102:833-837, 1994
23. Candal F.J., Rafii S., Parker J.T., Ades E.W., Ferris B.,
Nachman R.L., Kellar K.L., BMEC-1: a human bone
marrow microvascular endothelial cell line with primary
cell characteristics, Microvasc. Res., 52:221-234, 1996
24. Haskell C.M., Berek J.S., Cancer Treatment, W.B.
Saunders Company, 1995
25. Miyake K., Medina K., Ishihara K., Kimoto M.,
Auerbach R., Kincade P.W., A VCAM like adhesion
molecule on murine bone marrow stromal cells mediates
binding of lymphocyte precursors in culture, J. Cell
Biology, 114:557-565, 1991
26. Miyake K., Weissman I.L., Greenberger J.S., Kincade
P.W., Evidence for a role of the integrin VLA-4 in lym-
pho-hematopoiesis, J. Exp. Med., 173:599-607, 1991
27. Nagasawa T., Kikutani H., Kishimoto T., Molecular
cloning and structure of a pre-B-cell growth-stimulating
factor, Proc. Natl. Acad. Sci. USA, 91:2305-2309, 1994
28. Papayannopoulou T., Craddock C., Homing and track-
ing of hematopoietic progenitor cells, Acta Haematol.,
97:97-104, 1997
29. Vermeulen M., Le Pesteur F., Gagnerault M.C., Mary
J.Y., Sainteny F., Lepault F., Role of adhesion molecules
in the homing and mobilization of murine hematopoietic
stem and progenitor cells, Blood, 92:894-900, 1998
30. Nishikawa S., Ogawa M., Nishikawa S., Kunisada T.,
Kodama H., B lymphopoeisis on stromal cell clone: stro-
mal cell clones acting on different stages of B cell differ-
entiation, Eur. J. Immunol., 18:1767-1771, 1988
31. Deisher T.A., Kaushansky K., Harlan J.M., Inhibitors
of topoisomerase II prevent cytokine-induced expression
of vascular cell adhesion molecule-1, while augementing
expression of endothelial leukocyte adhesion molecule-1
on human umbilical vein endothelial cells, Cell Adhes.
Commun., 1:133-142, 1993
32. Mazo I.B., von Andrian U.H., Adhesion and homing of
blood-borne cells in bone-marrow microvessels, J.
Leukocyte Biol., 66:25-32, 1999
33. Peled A., Kollet O., Ponomaryov T., Franitza S.,
Grabovsky V., Slav M.M., Nagler A., Lider O., Alon R.,
Zipori D., Lapidot T., The chemokine SDF-1 activates
the integrins LFA-1, VLA-4, and VLA-5 on immature
human CD-34(+) cells: role in transedothelial/stromal
migration and engraftment of NOD/SCID mice, Blood,
95:3289-3296, 2000
34. Peled A., Grabovsky V., Habler L., Sandbank J.,
Arenzana-Seisdedos F., Petit I., Ben Hur H., Lapidot
T., Alon R., The chemokine SDF-1 stimulates integrin-
347
J. Cell. Mol. Med. Vol 8, No 3, 2004
348
mediated arrest of CD34(+) cells on vascular endothelium
under shear flow, J. Clin. Invest., 104:1199-1211, 1999
35. Nomura H., Nielsen B.W., Marsushima K., Molecular
cloning of cDNAs encoding a LD78 receptor and putative
leukocyte chemotactic peptide receptors, Int. Immunol.,
5:1239-1249, 1993
36. Schweitzer K.M., Drager A.M., van der Valk P.,
Thijsen S.F.T., Zevenbergen A., Theijsmeijer A.P., van
der Schoot C.E., Langenhuijsen M.M.A.C.,
Constitutive expression of E-selectin and vascular cell
adhesion molecule-1 on endothelial cells of hematopoietic
tissues, Am. J. Pathol., 148:165-175, 1996
37. Hidalgo A., Weiss L.A., Frenette P.S., Functional
selectin ligands mediating CD-34(+) cell interactions with
bone marrow endothelium are enhanced postnatally, J.
Clin. Invest., 110:559-569, 2002
38. Winkler I.G., Snapp K.R., Simmons P.J., Levesque J.
P., Adhesion to E-selectin promotes growth inhibition and
apoptosis of human and murine hematopoietic progenitor
cells independent of PSGL-1, Blood, 103:1685-1692,
2004
39. Gotsch U., Borges E., Bosse R., Boggemeyer E., Simon
M., Mossman H., Vestweber D., VE-cadherin antibody
accelerates neutrophil recruitment in vivo, J. Cell Sci.,
110:583-588, 1997
40. van Buul J.D., Voermans C., van den Berg V., Anthony
E.C., Mul F.P.J., van Wetering S., van der Schoot C.E.,
Hordijk P.L., Migration of human hematopoeitic progenitor
cells across bone marrow endothelium is regulated by vascu-
lar endothelial cadherin, J. Immunol., 168:588-596, 2002
41. Aplin A.E., Howe A., Alahari S.K., Juliano R.L., Signal
transduction and signal modulation by cell adhesion recep-
tors: the role of integrins, cadherins, immunoglobulin-cell
adhesion molecules, and selectins, Pharmacol. Rev.,
50:197-263, 1998
42. Avraham H.K., Lee T-H, Koh Y., Kim T-A., Jiang S.,
Sussman M., Samare A.M., Avraham S., Vascular
endothelial growht factor regulates focal adhesion assem-
bly in human brain microvascular endothelial cells
through activation of the focal adhesion kinase and related
adhesion focal tyrosine kinase., J. Biol. Chem.,
278:36661-36668, 2003
43. Wu M.H., Guo M., Yuan S.Y., Granger H.J., Focal
adhesion kinase mediates porcine venular hyperperme-
ability elicited by vascular endothelial growth factor, J.
Physiol., 552:691-699, 2003
